Ligand flexibility is an important problem in molecular docking and virtual screening. To address this challenge, we investigate a hierarchical pre-organization of multiple conformations of small molecules. Such organization of pre-calculated conformations removes the exploration of ligand conformational space from the docking calculation and allows for concise representation of what can be thousands of conformations. The hierarchy also recognizes and prunes incompatible conformations early in the calculation, eliminating redundant calculations of fit. We investigate the method by docking the MDL Drug Data Report (MDDR), an annotated database of 100,000 molecules, into apo and holo forms of seven unrelated targets. This annotated database allows us to track the ranking of tens to hundreds of annotated ligands in each of the docking systems. The binding sites and database are prepared in an automated fashion in an attempt to remove some human bias from the calculations. Many thousands of explicit and implicit ligand conformations may be docked in calculations not much longer than required for single conformer docking. As long as internal energies are not considered, recombination with the hierarchy is additive as the number of degrees of freedom is increased. Molecules with even millions of conformations can be docked in a few minutes on a single desktop computer.
INTRODUCTION
Ligand-receptor interactions are central to most biological processes. Computational modeling of these interactions remains difficult because of the many ways molecules can fit together and the often small energy differences separating the most favored configurations from alternative structures and from aqueous solvation. Together these two challenges make up the "Docking Problem." A major component of the sampling problem in docking is that of conformational flexibility. Ignoring excluded volume, [1, 2] the number of conformations accessible to docking molecules scales as the power of the number of their rotatable bonds. This becomes that much more problematic in screening large databases of diverse molecules for novel inhibitor discovery, where potential ligands must not only be fit correctly but must be distinguished from non-binders. Here we present a new method for addressing ligand flexibility. We evaluate the method by docking an annotated small-molecule database to seven different enzymes ( Table  1) . Both apo and holo receptor conformations are considered as docking targets.
Several methods have been introduced to dock flexible molecules. One class of docking programs including GOLD [3] , DARWIN [4] , implementations of AUTODOCK [5] and several others [6] [7] [8] use genetic algorithms to optimize ligand conformations in the context of the binding site. Other approaches to flexible ligand docking include optimizing the ligands in the context of the binding site, [9] [10] [11] enumeration of multiple low energy ligand minima followed by energy *Address correspondence to this author at the University of California San Francisco, Dept. of Pharmaceutical Chemistry, 1700 4 th Street, QB3 Building Room 508D, San Francisco, CA 94143-2550; Tel: 415-514-4126; Fax: 415-514-4260; E-mail: shoichet@cgl.ucsf.edu refinement [12, 13] or placing fragments into the binding site for later connection [14] [15] [16] [17] . A common technique for flexible docking is that of anchor-and-grow or incremental construction. Algorithms like FlexX, [18, 19] DOCK4 [20, 21] and DOCK5 place a fragment of the ligand in the binding site, and explore the conformational space accessible in the context of the binding site. This process is repeated for each orientation of the starting fragment, for each ligand, during each docking run, against each target. The program DREAM++ [22] explores combinatorial chemistry in the context of the binding site using a similar schema.
These methods evade the conformational explosion in ligand docking by using the excluded volume of the site to prune the search tree at every step as the flexible fragments are grown off of the rigid fragment. In this they have been successful to the point where ligand flexibility is considered an essential feature of a docking program. Nevertheless, after ligands grow past a certain number of rotatable bonds the ability of the site to prune the search tree sufficiently is exceeded and even anchor-and-grow methods face a combinatorial explosion.
Here we introduce a method that attempts to reduce the exponential dependence of conformations on the number of rotatable bonds to an additive dependence. To do so, we assume that different side chains are completely independent of each other and we exploit the tremendous redundancy present in multi-conformer libraries by organizing ligand information hierarchically (see next section). We evaluate the performance of this hierarchical method by two criteria: 1. How computationally expensive is this multi-conformer or multi-analog approach relative to single molecule rigid docking? 2. How well are the structures of ligands predicted using this multi-conformer approach vs. rigid-ligand docking? We undertake docking screens against seven enzyme targets whose structures have been determined by xray crystallography, typically in both their apo (no ligand bound) and holo (ligand bound) conformations. For each of the seven enzymes there are annotated inhibitors in the compound database that is screened (below); the vast majority of the compounds in the database are thought not to bind to the enzymes. Because of our own interest in using docking as a screening tool, we will focus on calculation times, predicted structures, and ligand identification from docking calculations performed on the entire database, and not on single molecule calculations.
Overview of the Docking Method and its Evaluation
The annotated small-molecule database used to evaluate our docking method is the MDL Drug Data Report (MDDR, MDL Inc., San Leandro, CA). The MDDR contains druglike small molecules annotated for biological activity and, often, molecular target. It is commonly used to train and test cheminformatics methods for library design, [23, 24] pharmacophore fingerprinting [25] [26] [27] [28] and determining druglikeness [29] [30] [31] . This annotated database provides a list of ligands that we can track. The ability to select for true ligands is measured by the total number ligands identified as binding to the binding site, and the percent of the ligands ranked in the top percentages of the database.
We have previously described a flexible ligand docking method that uses pre-calculated ensembles of ligand conformations [32] . This method docked multiple precalculated conformations as a proxy for true flexible docking, extending an idea first introduced by the FLOG program. [33] One innovation of the original ensemble method was to use a rigid anchor fragment to which all conformations of a given molecule were aligned. This alignment allowed a single translation-rotation matrix to be used for all conformations. Because only one rotation-matrix needed to be calculated for all N conformations for a given molecule, rather than N rotation-matricies, this ensemble method decreased time requirements by up to 100-fold.
The method presented here extends this ensemble method by representing conformational ensembles hierarchically, allowing for dramatic increases in sampling and aggressive pruning that largely eliminates the extra computational burden of evaluating multiple conformations. Like the ensemble method, [32] multiple low energy conformations for each molecule are calculated off-line; these conformations are in a common frame of reference so that they have a maximum number of atoms in identical positions (Fig. 1) . This allows a single translation-rotation matrix to be applied to all conformations for any given orientation of the rigid, guide fragment of the ligand. Atoms outside the rigid fragment are rotated in discrete intervals to facilitate the recognition and removal of redundant atom coordinates. Atoms most proximal to the rigid fragment have fewer unique positions than more distal atoms. Each ensemble of pre-generated ligand conformations is processed into a hierarchical data structure such that atom connectivity is implicitly represented across all conformations of the ensemble (Fig. 1) . These conformations are stored in a database and are not recalculated subsequently. The hierarchical data structure for representing small molecules is optimized for three features:
1. Elimination of redundant calculations. For molecules that have branches, when one branch changes conformation, the other branches and rigid fragment need not be reevaluated. Also, atoms closest to the rigid fragment have fewer unique positions relative to the rigid fragment than do the more terminal atoms. For conformations where only the more terminal atoms change, all less terminal atoms need not be re-evaluated.
2. Rapid pruning of clashing branches. Atoms within each branch are ordered so that conformations that clash with the receptor can be pruned off as early as possible. Since, terminal atoms have more unique positions than atoms closer to the rigid fragment, avoiding evaluation of many terminal atom positions can greatly speed up calculations.
3. Recognition that branches can be moved independently. The size and number of calculations required for an ensemble can be greatly reduced if branches are evaluated combinatorially. Assuming complete additivity, an exponential number of conformations can be evaluated while computation time increases linearly. A feature of this method is that it allows conformations that may not be explicitly represented in the ensemble to be docked. This becomes most useful for molecules capable of adopting very large numbers of conformations. A limitation is the assumption of additivity, which will not always hold and which, in pathological cases, can lead to unreasonable conformations (see Discussion).
In the first step of the hierarchy method (Fig. 1A ) rotatable bonds are identified, and rotated in fixed increments creating an ensemble of conformations. In the second step (Fig. 1B) , the ensemble of conformations is written out in a common frame of reference. The first two steps can be performed by a variety of algorithms; we used the program Omega (OpenEye Scientific Software, Santa Fe NM). In the third step (Fig. 1C) the ensemble of conformations is digested into a non-redundant hierarchical representation. After conversion of the conformational ensembles, the hierarchies are stored on disk and not recreated for each docking calculation. During the docking itself, each ligand hierarchy is expanded as poses are sampled in the site. In any pose, only the atom positions that have changed from previous steps in the conformational expansion are evaluated (red atoms, Fig. 1D ). For all other atoms, scores are simply retrieved from previous calculations. Docking targets are prepared using a semiautomatic script in an attempt to remove some human bias and to test the feasibility of extending docking from its current use in high-throughput ligand screening, to highthroughput target screening.
RESULTS

Database and Docking Statistics
Of the 113,842 molecules listed in the MDDR 2000.2, about 98,500 passed all of the filtering criteria and were included in the docking database. Due to multiple chargestate representations of particular ligands and "rigid" fragment ring pucker, the total number of unique entities in the database was about 135,000. For instance, molecules containing a cyclohexane ring as part of the rigid fragment were represented as two independent entities: the "boat" and "chair" ring conformations. Molecules with titratable groups around physiological pH, such as 4-aminopyridines, were represented in both their charged and neutral forms. The computer program, Omega, was used to produce about 34.8 million conformations, slightly fewer than 260 conformations per molecule, represented by 1.6 billion atom coordinates. Upon reorganization into a hierarchy, the number of conformations accessible through side chain recombination increased about 50-fold to 1.5 billion (average 11,000 conformations per molecule). Meanwhile, the number of atoms explicitly represented decreased 5-fold to 351 million through the elimination of redundant coordinates. These conformations all differ in the relative positions of their heavy atoms; upon inclusion of terminal hydrogen conformations, e.g., hydroxyls, the number of conformations in the database increases to 1.1 trillion. Several extremely flexible molecules, such as MDDR00246993 with over eight million conformations and MDDR00224885 with 197,760 conformations, and 12,882 rigid molecules, skew the number of conformers in the database. The median number of conformations for flexible molecules in the hierarchy is 64 and 98 including hydroxyl rotations. Approximately one quarter of the database is comprised of molecules with more than 1,000 conformations. The hierarchy database encodes the explicit coordinates and atomic information for 1.1 trillion conformations in 7.6GB. The uncompressed database in ASCII format, including atomic charges, van der Waals type, partial atomic desolvation, and three-dimensional coordinates, effectively encodes 145 conformations per byte. Generating this database required approximately three lab days using 10 Pentium III CPUs.
Overall, multi-conformer docking identified up to 65% more annotated ligands than rigid docking ( Table 2 ). The largest hit rate improvements were observed in the three targets whose ligands had a large number of conformations. In these targets, where the ligands could adopt thousands of conformations, 25 to 65% of these ligands ranked in the top 5% of the dock results, compared to 5 to 9% in the top 5% of the rigid docking. Holo receptor conformations had better enrichment factors among the top ranking molecules than did their apo counterparts. Hierarchical docking took between two and five times longer than rigid docking, but fit up to four orders of magnitude more conformations. The longest rigid docking calculations took a little less than one CPU day, whereas the longest hierarchy calculations took a little over three CPU days. All timings are given in terms of a single 800 MHz Pentium III processor running Redhat Linux 7.0.
Dihydrofolate Reductase (DHFR)
About 50,000 of the 135,000 MDDR molecules could be fit into the holo conformation of DHFR as flexible molecules. These 50,000 molecules contained 78% of the 165 annotated ligands, with one-third of these scoring in the top 1% of the database ( Table 3 , Fig. 2A ). For rigid docking only 19,000 molecules containing 27% of the annotated ligands fit the binding site. Here 2% of the ligands ranked in the top 1% of the docking results. The rigid docking required five hours, or about half the time required for the hierarchical docking ( Table 2) .
The apo receptor is more open than the holo receptor allowing more molecules to be docked, increasing the total number of ligands identified, and increasing run times. About 100,000 flexible molecules were fit into the apo binding site. A total of 89% of the annotated ligands were identified in the flexible docking run, with 11% of these ranking in the top 1% of the docking results ( Table 3 , Fig.  2B) . 58% of the annotated ligands were identified among the 72,000 molecules from rigid docking; 2% in the top 1% of the hit list. The flexible and rigid runs required 37 and eight hours of CPU time respectively ( Table 2) .
DHFR is well-suited to hierarchal docking because it has a constrained deep pocket that binds a relatively large, functionally important rigid group common to most DHFR ligands. The constraints of the deep binding site have the effect of pruning large portions of the hierarchy early in the calculation. Thus, although an average of 10.8 million complexes (2,700 conformations x 4,000 orientations) were evaluated for each of the annotated ligands, most of these were excluded early in the hierarchical expansion in the site. For instance, when an atom early in the expansion of methotrexate clashes with the enzyme, about 900 conformations are eliminated without the need to search further down the conformational tree. DHFR ligands are also well-suited to the hierarchy method. Most contained recognition rings such as pyrimidines, pteridines, quinazolines, or triazines, which also constituted the largest rigid fragment in the molecule, which is the first part of the molecule to be placed in the site, before the conformational expansion. Thus, most DHFR ligands, were ranked well in geometries similar to those observed crystallographically (Fig. 3A) . However when the largest rigid fragment was not an important recognition element for the enzyme, few good docking solutions were found. This is a weakness in our method (see Discussion).
Neutral Endopeptidase
More than 93% of the MDDR molecules fit into the large (20Å in diameter) binding site of the holo form of neutral endopeptidase with or without flexibility. On average, molecules were evaluated in 5,000 orientations in this binding site. The flexible docking required a little over three CPU days compared to slightly less than one day for the rigid calculation ( Table 2) . About 95% of the 356 annotated ligands were fit in both rigid and flexible searches, with about 1% scoring in the top 1% of the database, little better than random selection (Table 3, Fig. 2C ). Unlike the DHFR ligands, neutral endopeptidase ligands are ill-suited for the hierarchical method. These ligands are peptide or peptidelike and the largest rigid fragment is rarely a key recognition element.
Thrombin
When docked into a holo conformation of thrombin, over 90% of the MDDR molecules fit into the protease site. Flexible docking fit 97% of the 788 annotated ligands, ranking 8% of them in the top 1% of the hit list. Rigid docking fit 90% of the annotated ligands, but only three in the top 1% of the hit list (Table 3, Fig. 2D) . The flexible docking calculation took about four times longer than the rigid calculation ( Table 2 ).
The 788-member subset of MDDR thrombin ligands contained those likely to bind to the protease site of the enzyme; peptides likely to bind to the hiruden site were excluded from this list. Molecules were docked to the P1 and P3 sites in two separate docking calculations. Many of the top scoring ligands placed an amidinium or guanidinium group into P1 interacting with Asp189. The annotated ligands contained an average 8.8 rotatable bonds leading to about 1,000 conformations per ligand. On average, each MDDR molecule was docked in a little over 5,200 different orientations. Whereas the algorithm was unable to reproduce the crystallographic pose for the ligand NAPAP, many other ligands fit in reasonable geometries (Fig. 3B) .
Thymidylate Synthase
The holo, ternary conformation of thymydylate synthase was used for docking, with the pyrimidine nucleotide included in the target structure. Flexible docking fit 54,000 molecules into the binding site including 79% of the 185 annotated ligands (Table 3, Fig. 2E) . Over one-third of these scored in the top 1% of the docking hits when fit as flexible molecules. Rigid docking fit 23,000 molecules into the binding site and identified 14% of the annotated ligands. The top 1% of the docked hit list contained less than one-tenth of the ligands. Flexible docking took 2.5-fold longer than rigid docking ( Table 2 ).
The 185-member subset of TS ligands excluded nucleotides and their analogs, since we were docking to the folatebinding site. The inhibitors in this subset contained an average of 1,750 conformations (an average of 7.8 rotatable bonds). Each molecule in the database was docked in about 2,500 different orientations. The algorithm was able to closely reproduce the crystallographic binding mode for methotrexate (Fig. 3C ).
Phospholipase C
Twenty-four of 25 annotated ligands of phospholipase C, along with 123,000 molecules, were successfully fit to the enzyme using flexible docking. About 1,300 orientations were scored for each conformation of each molecule in the database. The 25 ligands had an average 4.4 rotatable bonds and about 90 conformations were sampled for each. Of the ligands, 20% ranked in the top 1% of the database ( Table 3 , Fig. 2F) . The rigid search docked 105,000 molecules into the binding site, fitting 76% of the annotated ligands, but none among the top 1% of the database. The rigid docking took about half as long as the flexible docking.
Adenosine Kinase
Although adenosine kinase undergoes a 30º domain movement on ligand binding, the docking results against the apo and holo conformations of the enzyme were similar. Flexible docking to the holo structure successfully fit all 45 of the annotated ligands, ranking two in the top 1% of the hit list. Rigid docking to the same structure fit 43 of the annotated ligands, ranking one in the top 1% of the database. Both the rigid and flexible searches identified the same 10 ligands within the top 5% of the database (Table 3, Fig. 2G) . Flexible docking to this site took five-times longer than the rigid docking ( Table 2) .
For the apo conformation of adenosine kinase, flexible docking fit 90,000 molecules including all 45 annotated ligands. One ligand was ranked in the top 1% of the docking hits ( Table 2 , Fig. 2H ). Rigid docking fit 47,000 molecules into the site, including 30 of the annotated ligands; two ranked in the top 1% of the docking hits. Again, at 5% of the database, the rigid and flexible dockings were equally successful, each identifying five annotated ligands. The rigid docking took half as long as the flexible docking calculation ( Table 2) .
Over half of the 45 adenosine kinase ligands were pyrimidine analogs. In most cases the pyrimidine ring was selected as the rigid fragment of the ligand. The ligands contained an average 3.2 rotatable bonds and 140 conformations. Because the apo structure of adenosine kinase is more constrained than the holo structure, the number of orientations evaluated for the former was about one third of that for the latter, and the time required for the apo and holo calculations reflect this difference. The algorithm was able to closely reproduce the crystallographic binding mode for adenosine (Fig. 3D) .
Acetylcholinesterase
About 77,000 MDDR molecules could be fit into the holo form of the enzyme. These included 86% of the annotated ligands; of these 9% ranked in the top 1% of the docked hit list. The rigid docking calculation fit about half as many ligands into the binding site as the flexible and found 50% of these. Here about 12% of the annotated ligands ranked in the top 1% of the results (Table 3, Fig. 2I ).
The apo acetylcholinesterase structure accommodated 75,000 flexibly docked molecules. These included 87% of the annotated ligands; 3% of these ranked in the top 1% of the dock hit list (Table 3, Fig. 2J) . In rigid docking to the apo conformation, only about half as many molecules could be fit into the site. These included 50% of the annotated ligands, 8% of which were found in the top 1% of top scoring molecules.
Overall, 637 annotated acetylcholinesterase ligands from the MDDR were docked. These ligands averaged about 400 conformations and 4.4 rotatable bonds. Similar docking statistics resulted for both the apo and holo conformations of the enzyme. Flexible docking evaluated about 3,600 orientations per molecule and rigid evaluated about 4,400. The algorithm was able to closely reproduce the crystallographic binding mode for galanthamine (Fig. 3E) .
DISCUSSION
To overcome the exponential dependence of conformations on degrees of freedom, the hierarchical docking method assumes complete side chain independence, aggressively prunes the search using steric constraints from the enzyme, and eliminates redundancy inherent in multiconformer databases, leading to a concise representation of the molecules for both storage and evaluation. Returning to the questions we posed in the introduction, the method is fast: Database screens considering tens to millions of conformations for each molecule take only two to five-fold longer than single conformer database screens. In database screening, 40 to 200 poses are evaluated each microsecond. On an atomic level, the structures of the docked ligand complexes corresponded closely with the experimental structures, taking these results directly from the database screening calculations. Finally, for most of the seven enzymes targeted, annotated ligands were enriched among top scoring molecules in the docking screens of the MDDR database; the more flexible the ligands, the more the hierarchical docking outperformed rigid-ligand docking. Below we consider some of these points in detail, including methodological caveats and areas where the method fails.
More Flexible Versus More Rigid Ligands
In every target, flexible, hierarchical docking fit more of the known ligands, and more of the database overall, into the site than did rigid docking. A key question is how the ligands ranked compared to the vast number of other, presumably non-binding molecules in the MDDR. In five of the seven enzymes, thymidylate synthase, thrombin, neutral endopeptidase, DHFR, and phospholipase C, hierarchical docking returned much better ligand rankings for known ligands than did rigid docking; for two targets, acetylcholinesterase and adenosine kinase, hierarchical docking returned worse or equivalent rankings ( Table 3) . The relative performance of the hierarchical docking correlates with the flexibility of the ligands being fit. For thymidylate synthase, thrombin, neutral endopeptidase, and DHFR, the annotated ligands averaged between 7.3 and 8.8 rotatable bonds, so that without sampling multiple conformations, complementary fits were unlikely to be found. Conversely, the ligands for acetylcholinesterase and adenosine kinase are more rigid, averaging between 3.2 and 4.4 rotatable bonds per molecule, and sampling flexibility appears to have been much less important. For these latter systems, adding flexibility did not reduce the docking scores of the annotated ligands, but it did diminish their rankings relative to the vast number of decoy molecules that make up the MDDR. This suggests two possible failures. First, we are not sufficiently accounting for internal energy of the docking molecules (not penalizing molecules that have high internal energies). As a result, molecules that, through failure of our conformation-generation methods, assume high-energy structures may complement the binding site artificially well; these molecules are decoys for our algorithm. Second, as almost a signal to noise issue, we are challenging the discriminating power of our scoring function by expanding our database to 1.1 trillion combinatorially sampled conformations in hierarchical docking. On the other hand, when we dock ligands as rigid molecules we also dock the other non-binders in the MDDR rigidly, vastly reducing the chance that a non-binder will fit.
A target that performed poorly with hierarchical docking and was a catastrophe for rigid docking was neutral endopeptidase, where the average ligand had 8.4 rotatable bonds. Even for hierarchical docking we saw little enrichment over random. The ligands for this enzyme are peptidic with few of the key recognition functional groups in the rigid fragment used for initial anchoring of the ligand in the site; rather, most are in the flexible side chains. For these sorts of ligands, our "trick" of dividing the ligand into an anchor and flexible fragments fails us. Recent work suggests that this can be partly overcome by defining multiple rigid fragments for docking, [34] nevertheless, this remains a weakness of this approach.
Database
The elimination of redundant information means that frequently a new conformation for a molecule can be identified by the addition of a set of coordinates for a single atom. Four conformations for phenol can be encoded by representing the six carbon atoms, the oxygen, and the ring hydrogens a single time and then in a separate hierarchy level representing the four hydroxyl hydrogen positions. 
Calculation Run Time
The CPU time for a docking calculation correlates with the size of the binding site. Large sites (neutral endopeptidase) or solvent exposed (thrombin) require the longest time. For these sites very little of the conformational ensemble can be pruned and much time is spent expanding the entire conformational ensemble distal to the receptor.
Methodological Caveats
A potential problem for the method is the possibility of side chains from different conformations being recombined such that they clash (internal energies are not evaluated). Initial tests suggest that this occurs rarely, but does occasionally occur. Additionally, the organization of the hierarchy for specific molecules can be problematic. If the rigid fragment of the ligand does not bind in the region targeted for docking (in the DOCK series of programs, defined by matching "spheres") [35] , good poses will be missed. This was the problem encountered in neutral endopeptidase; as alluded to, the problem can be partly addressed by generating multiple ensembles based on multiple different rigid fragments, [34] or by altering the location of the docking spheres and possibly performing multiple docking calculations. Finally, this method had not been investigated heavily in the context of allowing for receptor flexibility, as other methods have done [11, 13, [36] [37] [38] [39] [40] (though see ref. [41] ).
CONCLUSION
The hierarchical organization of molecular information described here allows for concise representation of multiple ligand conformations and allows us to aggressively prune the docking search tree. Especially in targets with flexible ligands, this improves our ability to identify ligands in docking screens of a diverse molecular database. For flexible molecules that can adopt many conformations, the method increases selectivity for ligands, improves sampling near the native binding modes, and does so at little computational cost. In our own lab, we now use this hierarchical method regularly, and it has lead to the discovery of new ligands in several targets [41] [42] [43] [44] .
METHODS
Generation of the Database
Conformations were generated using Filter and Omega version 0.99 from OpenEye Software. Molecules exported from the MDDR were filtered to remove reactive functionalities, aliphatic chains longer than hexane, and molecules containing silicon. We modified the default torsion and atom type libraries to generate conformations that contained the bond torsions and formal charges we thought most appropriate. For some molecules, whose pKa is likely to be near 7.2, multiple charge states were represented as independent molecules. We allowed for up to 2,500 conformations of any given molecule to be written out, many more might be implied via side chain recombination at the time of docking. We required that conformations have an RMS deviation of at least 0.8Å different from any other conformations and that the internal energy be less than 8 kcal/mol from the global minimum calculated by Omega. Molecules with more than 15 rotatable bonds were treated as rigid. Selected non-aromatic ring systems were puckered. If the puckered ring occurred in the largest "rigid" fragment the 2,500 conformations were divided among the different puckers, with each pucker representing a new ensemble. The rigid fragment of each molecule was identified as the largest group of internally rigid atoms. As conformations were generated, this rigid part of the molecule was kept in the same reference frame (Fig. 1B) .
The hierarchy for each molecule was generated empirically based on the atom position in each ensemble (Fig. 1C) . Looking at all conformations of a given molecule, the atoms in the same position in all conformations were identified as the first level of the hierarchy or rigid fragment. Next a recursive algorithm identified all groups that branch off from the current group. All atoms (based on number of unique positions in the ensemble) in the group were written out and again all branches were identified. After the hierarchy was created, conformations for rotatable hydrogens were sampled (OH in 120º increments and sp 2 NH in 180º increments). During docking this compact ensemble representation is expanded to efficiently dock all possible conformations (Fig. 1D) .
Docking Scheme
The hierarchy-docking method is implemented in DOCK.3.5.54. The ligand hierarchy is fit one group at a time using the orient-and-evaluate scheme longstanding in DOCK [35, 45] . Docking begins by generating a translation-rotation matrix for a specific set of matching atoms and the rigid fragment of the ligand is oriented in the binding site. If the rigid fragment does not clash into the receptor, flexible groups are added to the ligand according the same rotationtranslation matrix. If the rigid fragment clashes with the receptor, a new orientation is tried. Looping over each flexible branch of the molecule, the branch is explored only until one complete conformation can be built. If a given branch cannot be built due to clashes with the receptor, alternate branches are considered. If no conformation of a branch fits, a new orientation is tried. Assuming at least one conformation of the molecule can be built, all remaining conformations are examined. After all conformations of all branches have been evaluated, the scores from the best scoring branches are added and the best conformation for this orientation is saved. This process is repeated for each orientation of each molecule in the binding site.
Docking
The enzyme structures were prepared systematically by a semi-automatic script. Initial steric fit was evaluated on a grid generated by the DOCK-associated program DISTMAP. The electrostatic component of the interaction energy was calculated on a grid generated with Delphi. [46] Prior to calculation of the DelPhi grids, the binding sites were filled with pseudo-atoms (spheres) to better model the dielectric in the occupied binding site. Chemgrid [47] was used to calculate a Van der Waals potential grid for each binding site [48] .
